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ABSTRACT
A Time-of-Fight mass spectrometer (TOF-MS) equipped with both a standard electron
gun and a trochoidal electron monochromator was constructed and made operational and
used to study ionization processes of the molecule Chlorodifluoromethane (CHF2 Cl).
The appearance energies of both the parent ion (CHF 2 Cl+) and the most intense fragment
ion (CHF2 +) were carefully analyzed and it was observed that the energy for formation of
the parent ion, (CHF 2 Cl+) at 12.50 eV, was at a higher energy than the fragment ion,
(CHF 2 +) at 12.25 eV. This phenomenon has to our knowledge never before been reported
in the literature and is of great interest. The trochoidal electron monochromator allowed
for the energy distribution of the ionizing electron beam to be within the difference of the
appearance energies for the ions, confirming the result. Metastable decay analysis of the
parent ion showed two parent ion states present. One state decayed with a lifetime of 2
µs and another parent ion state appeared to be stable. It was also shown that the parent
ion readily dissociated into the CHF 2 + fragment ion and possible mechanisms for this
effect is discussed. The results show the need for future theoretical calculations of the
ionic potential energy surfaces for this molecular cation in order to assess the various
possibilities for this mechanism. The atmospheric relevance of the instability of the
parent ion of CHF 2 Cl and its short lifetime to dissociation, in which an ozone destroying
chlorine atom is released, should be further considered.
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CHAPTER I
INTRODUCTION
Historical Perspective and Relevance of Halogenated Methanes
Studies of halogen containing methane molecules have become a subject of great interest
within the past two decades due to their numerous applications as well as their potentially
harmful impact on the environment. In 1974, Molina and Rowland published a paper in
Nature, proposing that depletion of the Earth’s ozone layer might be partly due to the
presence of anthropogenic chlorofluoromethanes in the atmosphere1 . This concern
became a more pressing issue in 1984 when the discovery of a “hole” in the ozone layer
of the Antarctic stratosphere by Farman and associates2 , was also reported in Nature.
The primary concern regarding ozone depletion is the fact that a decrease in the total
amount of ozone in our stratosphere leads to an increase in the amount of UV-B radiation
reaching the Earth's surface, resulting in many adverse effects on human health and the
Earth’s ecosystems. Rowland and Molina received the 1995 Nobel Prize in Chemistry
for their studies linking chlorofluorocarbons with ozone depletion.
Most of the earth’s protective ozone layer lies between 15 km and 50 km above the
earth’s surface in a region called the Stratosphere. Here solar UV-radiation provides the
energy needed to break the bond of diatomic oxygen into two oxygen atoms. The oxygen
atoms then combine with remaining diatomic oxygen to form ozone (O3 ) (below).
O2 + UV Photon à 2O

(1.1)

O + O2 à O 3

(1.2)

2
Up to 98% of the sun's high-energy ultraviolet photons (UV-B and UV-C) are absorbed
by the destruction and formation of atmospheric ozone, providing a necessary UV
protective shield for the earth and its inhabitants.
Ozone is produced in this way but it is also destroyed through a series of natural cycles
involving oxygen-nitrogen-hydrogen-chlorine-and bromine-containing compounds.
Carbon dioxide is also a factor affecting the amount of ozone in the stratosphere because
of the temperature dependence of the ozone reaction and CO2 influence on atmospheric
temperature. Typically the breakdown of O3 due to the naturally occurring chlorine and
bromine compounds is a much smaller phenomenon due to the low natural abundances of
these halogenated molecules. The destruction of the ozone layer is essentially
determined by the abundances of all ozone-destroying compounds in the stratosphere.
By limiting the sources of hydrogen, nitrogen oxides, and chlorofluorocarbons (CFCs)
such as various halogenated methane compounds, ozone destruction would decrease.
Following the initial shock of the discovery of the hole in the Antarctic ozone layer2
many studies were devoted to the contribution of chlorofluorocarbons or CFCs to ozone
depletion in an attempt to track down the cause of such a large scale deterioration. These
efforts included computer models, calculations, and experimental observations showing
that CFCs possibly play a more prominent role in ozone depletion than previously
thought. In 1987 flights over Antarctica provided sound scientific evidence that chlorine,
and to a lesser extent bromine, were associated with the observed Antarctic ozone hole.
The data from these scientific flights showed that the ozone loss over Antarctica was and
still is initiated by chemical reactions that convert the long-lived chlorofluorocarbons into
chemically more-reactive forms. The reactants, in the presence of sunlight (~230nm
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found in high stratosphere), lead to the destruction of ozone of up to 1-2 per cent of the
total amount per day. The primary ozone depletion reactions involving chlorine atoms
are shown below:
Cl + O3 à ClO + O2

(1.3)

ClO + O3 à Cl + 2 O2

(1.4)

Cl + O3 à ClO + O2 , etc.

(1.5)

Since the discovery of the dominant role played by CFCs in ozone depletion, legislation
and enforcement of strict environmental laws have been successful in decreasing the
amounts of CFCs being pumped into the atmosphere. Although this decrease will be
important in the future, the time lag between CFC emission and effect on the ozone is
about 30 years. This long time is a result of the small diffusion ratio of the heavy
halocarbon into the stratosphere. Therefore the problems associated with ozone depletion
today are due to CFCs released in the 1970s and remains a major problem facing society.
CFCs were originally developed in 1930 as a safer alternative to the refrigerants then in
use, such as sulfur dioxide and ammonia, which are corrosive and toxic. For over 50
years, chlorofluorocarbons (CFCs) were regarded as miracle substances. They are
relatively stable, nonflammable, low in toxicity, and inexpensive to produce. CFCs are
regarded as biologically harmless because they are extremely stable man-made
compounds. Because of this biological inertness, CFCs have been used widely for
cleaning semiconductors, refrigeration and cooling, and as a foaming agent for the
production of styrene foam. We are most familiar with CFCs and their use in
refrigeration. A common compound used for this purpose is CCl2 F2 or Freon (R12). The
Freon is mechanically compressed and allowed to expand to a lower pressure region thus
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lowering its temperature. This system is used to pump heat out of the desired area and
thereby to cool it.
The primary problem with the use of halo-methanes is that they act as a catalyst for the
destruction of ozone as depicted in reaction 1.3 through 1.5 above. The exceptional
thermal and chemical stability of these molecules allows them to diffuse to great heights
without destruction. Once in the Stratosphere however, the CFC molecules can be
dissociated by the same UV photons used in the process of forming ozone releasing very
reactive chlorine atoms. Chlorine atoms contain an unpaired electron, making it a very
reactive radical. When a chlorine atom encounters an ozone molecule it reacts with it
taking away one of the ozone’s oxygen atoms leaving O2 and chlorine oxide (ClO). ClO
is also a reactive radical and reacts quickly with another ozone molecule, converting it to
O2 , and freeing the Cl to start the destruction process over. This process was shown
previously in equation 1.1, 1.2, and 1.3. It is estimated that one atom of chlorine from
one of these compounds can deteriorate over 100,000 molecules of ozone before it is
removed from the atmosphere or becomes part of an inactive compound. Research on the
physical and chemical properties of CFCs is an important area of chemical physics. This
thesis is devoted to the understanding some of the energetics involved in the dissociation
and ionization of the CFC Freon-22 (CHClF 2 ) from its initial compound.
Investigative Techniques
Although our investigation is rooted in the pursuit of basic scientific knowledge, our
examination proved useful in a better understanding of processes leading to the
phenomenon of ozone depletion, refrigeration and in the understanding and mapping of
the quantum structure and bonds associated with these halo-methanes. The physical and
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chemical properties of the halocarbon chlorodifluoromethane (CHF2 Cl) have been
experimentally and theoretically examined using a number of techniques. The techniques
utilized in this thesis include Trochoidal Electron Monochromator Electron Impact Timeof-Flight Mass Spectroscopy (TEM-EI-TOFMS), Fourier Transform Infrared
Spectroscopy (FTIR), Collisional Dissociation Mass Spectroscopy (CDMS), along with
meta-stable lifetime measurements of the ions. Where possible, these results will be
compared with previous results in the literature.
A TEM-EI-TOF-MS has been constructed and is the main technique presented in this
thesis. In order to produce gas phase ions, a vaporized sample passes into the ionization
chamber of the mass spectrometer, where it is bombarded by a stream of high-resolution
electrons produced by a Trochoidal Electron Monochromator (TEM). These electrons can
be energy selected to possess sufficient energy to remove an electron from the molecule
to form a positive ion. This ion, the molecular ion, is the intact original molecule and has
not been dissociated into its components. In principle, by observing when this signal first
appears versus the electron beam energy it is possible to obtain the “appearance
potential” of the molecule. In many cases the “appearance potential” can be taken as the
ionization potential for the molecule.
Molecules can also undergo dissociative ionization in which the electron-molecule
collision results in ionic and radical fragments. Molecular dissociation is a process
specific to the compound and the energy required for dissociation with ionization can be
observed experimentally. The dissociation energy refers to the bond energy between
atoms in a molecular compound, the strength of which is different for each bond and
dependent on many factors. The energy required to destroy the bond between two atoms

6
in the compound may be much higher or lower than other bonds between other atoms in
the same compound. Information on the energies at which a compound begins to break
up and, in particular, in what order the dissociation processes occur provides a wealth of
information on the molecular structure and stability of the molecule. This thesis will
examine these energies in the CFC compound Freon-22 (CHF 2 Cl). Results from
experiments using both low and high-resolution Electron Impact Mass Spectroscopy (EITOF-MS) will be discussed in detail and interesting observations, including appearance
energies noted. Appearance energies for the loss of a chlorine ion and a molecular ion
are examined separately and compared to calculations along with other investigative
techniques. Metastable decay lifetime measurements of the parent ion are also made and
considered. Since the ions were recorded using a time-of-flight mass spectrometer (TOFMS) we begin with a brief history of the development of this instrument.
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CHAPTER II
HISTORY OF THE TOF-MS
Early TOF-MS
The first mass spectrometers where constructed at the turn-of-the-century using the
streams of positive ions formed from residual gases in cathode ray tubes. Researchers
used magnetic and electrostatic fields to differentially deflect these positive ion rays
depending on their mass and their traces were detected on photographic plates. J. J.
Thomson was the pioneer in this field and has since been sited as the grandfather of
gaseous electronics.
The first Time-of-Flight Mass Spectrometer (TOF-MS), a mass spectrometer which
depends on time dispersion to separate mass, was proposed by W.E. Stephens 3 in 1946.
At a meeting of the American Physical Society at M.I.T he proposed the idea of “a pulsed
mass spectrometer using time dispersion” and promised that a mass spectrometer of this
type was under construction. Two years later at the Oak Ridge Y-12 plant (Clinton
Engineering Works), Cameron and Eggers4 reported the first working TOFMS. Their
spectrometer did not involve a magnetic field and relied on the time separation of
different mass ions arriving at a detector. The authors dubbed this instrument a
“Velocitron”. The velocitron accelerated ions to ~300 eV and these ions then separated in
time down a ten-foot flight tube before being detected as seen in Figure 2.1. Their
spectrum showed the singly- and multiply-charged ions of mercury but the device was
unable to resolve their isotopes. The mass resolution of the initial instrument was poor;
improvements, however, were to soon follow.
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Figure 2.1 Redrawn Schematic of first working TOFMS reported by Cameron and
Eggers as the “Velocitron”.

9
In 1953, five years after Cameron and Eggers “velocitron,” Wolff and Stephens5 finally
reported their non-magnetic TOF-MS. The method used was different in that their
interaction region provided all the ions with the same momentum instead of the same
kinetic energy as in the conventional arrangement. Providing all the ions with the same
momentum was accomplished by using a pulsed voltage to accelerate the ions out of the
interaction region. The voltage was then switched off before the ions reached maximum
acceleration and exited the region. Under these conditions the ions do not fall through
the same potential and therefore do not receive the same energy but do receive the same
momentum. Their experimental geometry is shown in Figure 2.2 as well as the ten-stage
copper-beryllium dynode electron multiplier used in the early instrument.
Wolff and Stephens also made reference to a TOF-MS constructed at the Laboratories of
the Standard Oil Company by W. Priestly, Jr. and E.C. Rearick (in consultation with
W.E. Stephens) and a TOF spectrum for hydrocarbons and air recorded by this
instrument was presented.
The first reference to a magnetic time-of-flight mass spectrometer is credited to Bleakney
and Hipple6 in 1938. Ten years later, in 1948, S.A. Goudsmit 7 proposed a magnetic timeof-flight mass spectrometer that employed an interesting technique. The ions are
accelerated at right angles to a magnetic field resulting in a circular orbit. He called this
instrument “the chronotron.” The ions take a helical path, as shown in Figure 2.3, due to
a small initial velocity in the direction along the magnetic field. The angular velocity of
the ion motion does not depend on the velocity of the ion or its initial direction of motion.
The time of a revolution is given by
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Figure 2.2 Wolff and Stephens’5 non-magnetic TOF-MS with its ten-stage copperberyllium dynode electron multiplier. Ions in this apparatus received the same
momentum and not the same Kinetic Energy.
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Figure 2.3 Top and side views of the helical path taken by ions in Goudsmit’s
“Chronotron”.
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T ( µ sec s) = 2π *100 *

M
B

(2.1)

where T is in micro-seconds if the magnetic field, B, is in Gauss and M is in atomic units.
The resolution of the apparatus is then dependent on the number of revolutions traveled
by the ions, which can be varied by adjusting the operating parameters.
Hays, Richardson and Goudsmit8 also constructed and reported on properties of the
magnetic TOFMS in 1951. In typical mass spectrometers the resolution of the instrument
decreases as the mass of the ions increases, however the magnetic TOF-MS resolution
actually remains the same for all mass ions. This is due to the fact the period, P, of the
orbit made by the circulating ion is linearly proportional to the mass of the ions.
P=

2πM
qB

Where q is the charge of the ion, M its mass and B is the magnetic field strength.
Figure 2.4 shows time-of-flight mass spectra for the case of Rubidium and Xenon with an
excellent mass resolution,

m
, of approximately 10,000. Theoretically the time-of∆m

flight of ions for this instrument is linearly proportional to mass. Small deviations from
linearity where observed in the spectrum and attributed to deposits on the walls of the
spectrometer causing small perturbing surface potential fields. Today this problem could
be greatly reduced using readily available aerodag (graphite) to coat the surfaces or the
construction of the electrodes with molybdenum. Also the use of fast sampling
oscilloscopes as well as fast micro-channel plate detectors would greatly improve the
performance. The Goudsmit magnetic TOF-MS is a remarkable instrument worthy of
further consideration. Lincoln Smith9 described another version of the “magnetic period

(2.2)
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Figure 2.4 Rubidium (top) and Xenon (bottom) spectrums collected with Goudsmit’s
“Chronotron”. The resolution of the instrument is seen to be well over 10,000 even
without the advantage of modern high speed detection and collection methods.
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mass spectrometer”. He dubbed this instrument the “synchrometer” because of its
resemblance to a synchrotron. The synchrometer used a three part electrostatic lens to
focus and deflect pulses of ions so that their orbit missed the ion source from which they
originated see Figure 2.5. A pulse is timed on the electrostatic lens so that the ions are
decelerated slightly with each revolution giving them a smaller orbit radius. This
prevents the ions from striking the ion source or walls of the vacuum chamber and allows
for a greater number of revolutions, which enhances the resolution. When an ion’s orbit
has been made small enough it strikes the detector located in the center of the apparatus.
Smith reported a mass resolution (m/∆m) for this instrument of 8,500. This represents
excellent resolution and comparable to that of the Goudsmit spectrometer.
Modern TOF-MS
In 1955 a paper by Wiley and McLaren10 , led to the development of the first commercial
TOF-MS. The basic principles, including resolution considerations (to be discussed
later), described in this paper are still in use today and referred to often. TOF-MS is one
of the most versatile and fastest growing areas of mass spectroscopy and has undergone
many changes and expansions. Surprisingly the most commonly used configuration is
still very similar to the one first proposed by Stephens in 19463 with numerous
experimental improvements.
The introduction of the reflectron time-of-flight mass spectrometer, which uses an
electrostatic reflector to compensate for initial ion velocities has resulted in mass
resolution approaching 10,000. Recently, the development of delayed pulsed extraction
has also increased the resolution for laser desorption TOF-MS. These resolution
improvements, as well as the development of new ionization methods, particularly those
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Figure 2.5 Lincoln Smith’s magnetic period mass spectrometer, the “Synchrometer”.
Notice the ions are steered to optimize the number of revolutions to increase the mass
resolution. Smith reported mass resolution of ≈ 8,500.

16
and the apparatus’s versatility in accommodating these techniques have caused a huge
resurgence in TOF-MS and facilitated numerous expansions of the field. The biomedical
field, with the advent of electrospray ionization techniques, has contributed greatly to the
commercial increase in TOF-MS production. Other recent methods of ionization, such as
laser desorption ionization (LDI) and matrix assisted laser desorption ionization
(MALDI)11 have dramatically increased the effectiveness of the analysis of fullerenes and
large protein molecules. J.B. Fenn and K. Tanaka shared the 2002 Nobel Prize in
Chemistry for work in the fields of electrospray ionization and MALDI respectively.
With the development of high-powered pulsed laser systems, multiphoton ionization
(MPI) and resonantly enhanced multiphoton ionization (REMPI) mass spectroscopy has
also contributed to the exceptional growth in TOF-MS. These methods allow the
ionization limits of gas phase molecules to be reached by the absorption of several
photons12 . The method allows for a greater number of molecules to be examined with a
lower photon energy laser.
Electron impact ionization as discussed in this work has historically been the major
method used in TOF-MS and is commonly used in positive and negative ion formation
studies along with electro-spray and chemi-ionization methods. A large percentage of all
the presently available data on atomic and molecular structure; i.e. ionization potentials,
electron affinities, dissociation energies, etc. were determined using electron impact
ionization. In recent years electron impact ionization has declined due to the advantages
of the other ionization methods mentioned above, primarily because of the inherent lack
of energy resolution of conventional electron beam sources. The development of
methods of producing high-resolution electron beams, as discussed in this work, has
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shown promise of rejuvenating this field of research, though the production and use of
high-resolution, low energy electrons is technically challenging.
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CHAPTER III
TOF-MS EXPERIMENTAL APPARATUS
Introduction
Time-of-flight mass spectroscopy (TOF-MS), particularly in conjunction with electron
impact ionization, has many advantages over other forms of mass analysis such as
Quadrupole, Magnetic Sector or Fourier-Transform Mass Spectrometery (FTMS). TOFMS has almost no upper limit for mass detection and is used regularly in protein and
large organic molecule detection, especially with the addition of an electrostatic
reflectron, which increases resolution through kinetic energy focusing. The limitation on
the upper limit of mass results from the difficulty of detecting high mass ions with an
electron multiplier. The mechanism for TOF-MS is such that the spectrum is collected
instantaneously and can be monitored in real time. All ions of the spectrum are collected
and displayed in one extraction pulse. Thus the instrument does not require scanning
through variables such as voltage, magnetic field strength, RF frequency, etc to build up
spectra inherent in other methods. This allows for signal averaging to increase the signal
to noise ratio along with instant results and efficiency in tuning the machine and
observing spectrum. TOF-MS is unique from other methods of mass spectroscopy in that
the ions that are to be investigated are spatially separated in one dimension by mass and
therefore give a separation in time of arrival at the detector. Ions can be created by
various ionization techniques; matrix assisted or standard laser desorption, chemical,
electro-spray or by the technique described here, electron impact.
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Electron impact ionization is straightforward in the sense that the electron energy is the
only variable that must be considered for role of the electrons in ionization. With other
methods, resonances, as in REMPI, or chemical reactions, as in chemical ionization, must
be taken into account. High-energy processes are also easily accessible with electron
impact by simply setting the desired electron kinetic energy with a DC power supply.
Principles of TOF-MS and Experimental Apparatus
The TOF-MS used in this study is shown schematically in Figure 3.1. Ions are created in
the interaction region via a beam of energy-selected electrons that have a finite spatial
and energy distribution. The electrons in this apparatus are produced by one of two
electron guns, a low-resolution electron gun or a high-resolution trochoidal electron
monochromator, both discussed in detail in chapter 4. Gas phase atoms or molecules are
introduced into the interaction region via a nozzle jet that provides a rotationally,
vibrationally, and translationally cooled molecular jet. This unskimmed molecular beam
has a finite spatial width associated with it and is crossed perpendicularly in the
interaction region with the beam of energy selected electrons. The impact of the
electrons on the molecules results in a number of processes including, at high enough
energy, ionization and or dissociation. A pulsed voltage of approximately negative 100
Volts then accelerates the ions out of the interaction region. All of the ions gain the same
kinetic energy as they are accelerated past the first grid, V2 , of the TOF-MS (see Figure
3.2). Grid V1 is held at ground potential. The ions are then accelerated further by a
voltage, typically ~ -500 Volts on a third grid V2b, and finally -1500 Volts, applied to the
flight tube grid, V3 , and drift region, and move into the field free drift region. The grid
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Figure 3.1 Schematic of Time of Flight with electron guns, x-y deflector plates, Einzel
lens, and micro-channel plate detector.
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Figure 3.2 TOF-MS with labeled voltages and lengths.

22
V2b is supplied by an Ortec high voltage power supply and produces second order space
focusing, which will be discussed later. The pulse voltage, V2 , is supplied by an Avtech
high-voltage pulse-generator. This pulser was chosen because of its ability to create a
fast rise time (~15 nanosecond) 10 kilohertz high voltage pulse, which is needed to give
good resolution and a high signal to noise ratio. The voltage to the flight tube, V3 , is
supplied via a Stanford Research Systems model PS350 5000 volt power supply. If we
consider a simple TOF-MS with ions born at ground potential, the kinetic energy
provided by the accelerating voltages propels the ions with a velocity based on their mass
to charge ratio.

KE = zeV

(3.1)

Where KE is the kinetic energy of the ion, V is the accelerating potential, z refers to the
number of charges on the ion and e is the charge of the electron, 1.6022 x 10-19
Coulombs. Combining this with the kinetic energy equation KE =

1
m v2 and solving for
2

velocity yields;
v=

2 zeV
m

This inverse relation of mass and velocity is the basis of TOF-MS. Inside the flight tube,
the ions then drift under no external field, and separate in space and time according to
their mass. One can see that the less massive ions receive a greater velocity and are
separated spatially ahead of the larger mass, slower moving, ions and arrive first at the
detector. While in the drift region the ions are steered using a set of x-y deflectors, shown
in Figure 3.1. The deflectors consist of four 0.5” x 1” flat stainless steel rectangular
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plates, D1 , D2 , D3 , D4 . Voltages are applied to the deflectors via two EG&G Ortec Model
459 5000 volt power supplies (see Figure 3.2). The voltages of the deflectors are set
close to the voltage of the flight tube in order to gently steer the beam of ions in the x and
y directions into the detector. For the current experiment one deflector for each axis is in
electrical contact with the flight tube and the other is adjusted to be plus and minus with
respect to the flight tube voltage in order to steer the ion beam. The ions also travel
through a cylindrical Einzel lens, which acts to focus the beam. The Einzel lens can also
be used to investigate metastable decomposition of the ions by acting as a second drift
region. By applying a slightly different voltage, V4 , to the cylindrical lens, ions that have
decayed in the flight tube could be separated in time. In normal operating mode this lens
is set to the voltage of the flight tube, supplied by a Stanford model PS 350 5000 volt
power supply. The ions continue down the flight tube until they strike the front of the
dual micro-channel plate detector located at the end of the drift region. The travel time is
equal to the distance traveled of the ions divided by the velocity. If we assume the
distance the ions travel, D, and divide by the velocity v, the time it takes for the ions to
strike the detector is given by;

t=

D
m
=D
v
2 zeV

(3.3)

The voltage peaks observed from the detector are correlated to the time required by the
specific ion packets to travel the length of the drift region. This time is then correlated
with the mass of the particular ion by solving for the mass to charge ratio;
m
t 
= 2eV  
z
 D

2

(3.4)
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By knowing the distance, D, the ions traveled and the accelerating voltage V one can
calculate the mass of the ions by measuring the time it takes for the ions to reach the
detector, which is displayed on the oscilloscope as a pulse. The start time of the
oscilloscope is triggered with the accelerating voltage pulse. In the apparatus employed
here the spectrum displayed on the scope is saved as a text file. The mass scale was
calibrated by mixing the unknown sample with inert gasses with two or more
recognizable peaks. A computer program, Grams 32 version 5.1, was used to calibrate
the x-axis of the spectrum in units of mass for ease of analysis. After being amplified,
the area under a specific peak can then be integrated with a boxcar integrator-signal
averager. The electron impact energy value at which the peak appeared can be monitored
and the appearance potential of the ion determined and related to the ionization potential.
The entire system is brought to a base vacuum pressure of around 8 ×10 −9 Torr by two
Varian 300 liter per minute roughing pumps separately in line with two 550 liter per sec
turbomolecular pumps (See Figure 3.3). Each roughing pump has a thermocouple
pressure gauge and a Varian model 571 ion gauge is used on the main chamber to
monitor low pressures. Pneumatic swing valves separate the chamber from the pumps
and the turbo pumps are equipped with battery operated automatic vent valves. The
valves vent the main chamber in case of a power outage to prevent oil from being drawn
up from the pumps by the high vacuum inside the chamber. The pneumatic swing valves
were wired in such a way as to close in case of a power outage as well. The TOFMS
components are housed inside an 8” stainless steel six-way cross and a 1.9 meter stainless
steel flight tube chamber. The inner components are electrically isolated from the outer
vacuum chamber by Teflon standoffs. The systems rests on a frame constructed from
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Figure 3.3 Schematic of Time of Flight Vacuum system, chamber and pumps.
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1½” x 1½” aluminum framing material. Shelving was added to the frame to hold all
electronic components. Most of the vacuum chamber was constructed in the UT Machine
shop. The electrical cables were constructed with the help of the UT Electronics Shop.
A photograph of the instrument is shown in Figure 3.4.
Wiley-McLaren Space Focusing
As stated previously, the beam of electrons used in the ionization source has a finite
spatial beam width. This width along with the molecular beam width from the nozzle jet
expansion results in ions being created in the interaction region at different positions.
Ions are created over the full width of the electron beam as shown also in Figure 3.2. As
a result of their different positions in the electric field, these ions will fall through
different potentials and consequently acquire different velocities. This velocity spread
results in a spread in the time of arrival of the same mass ions at the detector and
degrades the resolution of the instrument. In 1955, a paper by Wiley and McLaren10 ,
described the development of the first commercial TOF-MS and specifically addressed
the importance of the spatial distribution of ions. Wiley and McLaren attempted to
partially correct for this dispersion and derived expressions for the proposed technique.
They considered the ions created in the interaction region and the fact that those created
closer to the backing plate will acquire a higher velocity than those closer to the first grid
due the difference in the field through which they fall. Those ions closer to the backing
plate will eventually overtake the slower ions created closer to the first grid. There is a
distance down the flight tube at which ions of the same mass arrive at the same place at
the same time (i.e., the point where the fast ion overtakes the slow one). Wiley-Mclaren
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Figure 3.4 Photo of TEM-TOF-MS System.
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derived an expression for the total time-of-flight, T, for a singly charged ion of mass m
starting at rest at L0 = ½ L1 with V2 = ground potential (see Figure 3.5) given by
1

mL1 2
2L2
T =
[ 2αL0 +
+ L3 ]
1
2 L0eV2
1+
α

(3.5)

Where
1

 LV 2
α = 1 +  1 3 
 L0V1 

(3.6)

Wiley-Mclaren’s derivation of the time, T, contains a mysterious factor of 1.02 that is not
accounted for in their derivation and will be left out of the following expressions. The
position D0 where the fast ion overtakes the slower one is determined by setting
dT
=0
dL1

(3.7)

or
D0 = 2 L0 (α 3 −

α
1
1+
α

*

L2
)
L0

(3.8)

In the case of the TOFMS where L1 , L0 , L2 , and L3 are fixed and with V2 grounded, the
ratio of

V3
V1
can be determined by D0 . As seen in Figure 3.6, the ratio of the flight-tube voltage to
extraction voltage must increase as the length of the drift region increases. The increase
in the ratio is nearly linear and quite substantial with a slope of ~ 11.8. In practice, the

(3.9)
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Figure 3.5 (a) Time of Flight interaction region with first order focusing (top) and (b)
second order focusing (bottom) as incorporated in this instrument.
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Figure 3.6 Plot of optimal ratio of flight tube to extraction voltages vs flight tube length
for Wiley-Mclaren focusing.
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extraction voltage and/or the flight tube voltage is adjusted manually to maximize the
resolution by watching the peaks become narrower as the voltages are varied. This
method plays an essential role in providing the best resolved spectrum possible with the
TOFMS.
Improvements to the Wiley-Mclaren space focusing have been proposed by a number of
authors.13, 14, 15 These articles make reference to providing higher order corrections to
Wiley-Mclaren spatial focusing and in many cases the resolution is improved
considerably. The addition of second order focusing grid has been utilized to the
TOFMS described in this thesis and has improved resolution by about 25% (see Figure
3.6). The third grid is added with a voltage V2b in order to produce second orderfocusing as well as shield the interaction region from the large voltage of the flight tube.
This shielding is essential for low energy electron studies, particularly zero energy
electron attachment studies. Higher order focusing beyond second order is also possible
but produces a smaller improvement to resolution with each higher order correction. The
resolution in the instrument described in this thesis was

m
~ 650 (mass divided by
∆m

range in mass of the peak) which is more than sufficient for the processes under study.
Gas Introduction System and Supersonic Nozzle Jet Expansion
A gas phase sample is introduced into the TOF-MS via a continuous supersonic
molecular beam. The nozzle jet is located on the top of a six way cross housing the
interaction region. After expanding into the interaction region the molecules are
vibrationally (T~30K), rotationally (T~3K) and translationally (T~1K) cold and cross
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perpendicular to the ionizing beam of electrons as well as perpendicular to the axis of the
flight tube (See Figure 3.7).16 Behind the nozzle jet a series of valves are located to
regulate the mixing of the sample and carrier gas as well as the pressure applied to the
nozzle jet. The entire gas introduction system is reduced to a rough vacuum,
approximately 10-3 Torr, by a 300 liter per second roughing pump. A thermocouple
gauge along with a Baratron gauge is used to monitor the pressure. The molecules that
do not interact with the electron beam are pumped out of the chamber by a Varian 550
liter per second turbo molecular pump. The high vacuum pump is located directly below
the nozzle jet in order to help keep the pressure of the entire chamber below 10-6 Torr.
It has been shown that for adiabatic expansion at constant entropy
H = C p Ts = C p T +

1
mv 2
2

(3.10)

is equal to a constant, where m is the molecular mass, v is the velocity of the molecular
beam, Cp is the specific heat capacity of the gas at constant pressure, T is the temperature
of the expanded gas, and Ts is the temperature of the gas inside the nozzle. Behind the
nozzle opening, shown in Figure 3.7, sample gas mixed with a carrier gas, typically a
noble gas, is filled to a pressure of a few hundred Torr or higher depending on the gas
density need to get an adequate signal from the sample. This, of course, is dependent on
the cross section for ionization for the sample in question. The lower side of the nozzle
jet is at the base pressure of ≈ 8.2 ×10 −9 Torr. Expansion of the nozzle jet into the
vacuum results in a cooled molecular beam.
Fite16 has noted that if Ts is the temperature of the gas prior to leaving the nozzle jet, the
enthalphy in Equation 3.10 is equal to Cp Ts. Using equation 3.10 and the thermodynamic
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Figure 3.7 TOF-MS Gas Introduction System.
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relations for adiabatic expansion, the temperature, T, of the gas emerging from the
nozzle jet is
T=

Ts
,
 γ −1 2 
1+
M 
 2


(3.11)

where γ is the ratio of molar specific heat capacities,
γ=

cp

=

cv

5
3

(3.12)

for an ideal gas, and M is the Mach number for the expanded gas. The Mach number for
a gas in the nozzle takes into consideration the diameter of the nozzle opening as well as
the gamma factor, which is the ratio of the speed of an object in a given medium to the
speed of sound in that medium. The Mach number can be estimated for a gas leaving a
nozzle jet into a vacuum by
γ +1
M ≈
γ −1

γ +1
4

 z
 
 D

γ −1

(3.13)

where z is the distance from the opening and D is the diameter of the opening. The
velocities of the sample gas can be approximated to be the same as the carrier gas, though
this is just an approximation since some “slippage” is known to occur. In effect, the
sample gas is carried along by the generally smaller mass, higher velocity, carrier gas,
such as Helium. This expansion vibrationally, rotationally and translationally cools the
molecules. Ro-vibrational cooling allows one to record spectra without the occurrence of
excited states, i.e. “hot bands.”
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Data was collected to estimate the gas density of the molecular beam in the interaction
region. The ion signal is related to the electron beam intensity and gas density by
I ion = I total ρLσ

(3.14)

where I total is the total electron beam current, I ion is the ion beam current, ρ is the gas
density of the beam. The path length for impact, L is known for the apparatus, and σ ,
the cross section for electron impact ionization, has been studied in detail for the noble
gases. Solving this equation for the gas density ρ gives:
ρ=

I ion
I totalLσ

(3.15)

The initial electron beam current was collected and measured in a faraday cup (discussed
in chapter 4). The positive ion current from Argon was measured on the backing plate of
the TOFMS with a negative collecting voltage applied as shown in Figure 3.8. A Picoammeter was used to measure the electron beam current as well as the ion currents for
various electron impact energies. The average length of interaction is 4 cm, this length
does not take into account the gas density distribution in the interaction region and is just
the distance the electron beam crosses in the interaction region. The cross section for
impact of the gas used, Argon, to be ~10-16 cm2 . During the experiment the pressure on
the ion gauge located at the opposite end of the TOF-MS (Figure 3.3) recorded pressures
on the order of ≈ 2.9 × 10 −6 torr. Using equation 3.15 and the collected data an average
gas density, which was converted to pressure, was calculated. The average value for the
pressure in the molecular beam at the crossing of the electron beam was found to be
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Figure 3.8 Set up for collecting ion current from backing plate.
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2.72 × 10 −4 torr. This molecular beam pressure is a factor of 100 larger than the pressures

recorded for the chamber by the ion gauge.
Micro-Channel Plate Detector
The ion detection method used with the TOFMS system is a homemade chevron
configured micro-channel plate assembly, shown in Figure 3.9. Dual Galileo microchannel plates with an 18 mm usable area provide the detector for the system. The power
supply used for the three voltages required for the detector was supplied by an R.M.
Jordan time-of-flight power supply. The entrance of the detector assembly was
constructed so that it could slide into the end of the flight tube and then be bolted in
place. A piece of grid material (70 lines per inch with 90 % transmission) covers the
entrance to the first plate and is set to the flight tube voltage by the mounting assembly,
which is in electrical contact with the flight tube. The front surface of the first microchannel plate is held at M1 ~ -2200 volts with respect to ground. The power supply is
designed to apply about 54% of M1 to the mounting plate in between the micro-channel
plates (M2 ~-1145 volts) and 9.1% of M1 to the back surface of the last plate (M3 ~ -191
volts). This voltage across the ~100 Mega-ohm channel plates results in a net voltage
drop of ~1900 volts. Ions coming down the flight tube strike the front surface of the
channel plates producing a shower of electrons out of the back of the channel plate.
These electrons are then amplified again by the second plate resulting in about 106
electrons emerging from the multiplier for every ion that strikes the detector. The signal
is then fed through an electrical feed through into a Stanford Research Model SR240
Preamplifier with a 50-ohm termination to give fast rise times and good peak resolution.
The signal is then amplified further with an EG&G Ortec Model 474 Timing Filtering
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Figure 3.9 Detector assembly for positive ion detection.
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Amplifier. The complete time-of-flight spectrum is then viewed on a Hewlett-Packard
Infinium 500 Mhz digital oscilloscope, triggered simultaneously with the extraction pulse
voltage. The Oscilloscope allows for the signal to be averaged and can be converted to a
text file. The text file can then be opened in the Grams software package and the x-axis
calibrated to convert to a mass scale using known mass peaks.
Data Acquisition: Labview Computer Program
The TOF-MS signal from the detector is processed through the previously mentioned
preamplifier and timing amplifier. This amplified signal is input to a Stanford Research
Systems Gated Boxcar Integrator and then to the oscilloscope. The Boxcar integrator is
triggered with the start pulse of the ion extraction voltage and a gate width and delay is
observed on channel 2 of the oscilloscope. The time delay and width of the gate is
manipulated to overlap the ion peak to be observed. The boxcar integrator converts the
peak to a dc output, -10 to 10 Volts, which is then read by a computer data acquisition
card. The boxcar integrator produces an output that is the average over (typically 1000
extraction cycles) of the area under the selected peak for a selected number of
extractions. A Labview data acquisition program was written to scan the electron energy
and collect data from the boxcar integrator. The program first sets the electron energy
from a range of energies selected then waits a specified time for the voltage to
equilibrate. It then collects the data from the boxcar integrator and reads the electron
energy. The program plots this peak area as a voltage from the boxcar versus the electron
energy. Finally the program increases the electron energy by a selected amount and
repeats the process until the final selected energy is reached. The program also plots the
intensity of the ion peak versus the electron energy in eV in real time on the screen. The
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program was written with the option of saving the data as a text file for later analysis. A
screenshot of the data acquisition program is shown in Figure 3.10 for Argon gas. When
acquiring data with this system, it is necessary to first study a gas with a very well known
ionization potential, such as a noble gas, in order to correct for energy offsets that occur
due to contact and surface potentials. In this study we employed Helium (IP = 24.587)
and Argon (IP = 15.759) as calibration gases.
Testing and Initial Measurements
The Xenon atom has been studied extensively and its seven isotopes in the mass range
from 128 amu to 136 amu make it an interesting candidate to test the operation and
resolution of the TOFMS. The electron beam intensity was optimized at an energy of
100 eV. Xenon gas was introduced through the nozzle jet and a mass spectrum was
recorded. It was noticed the electron beam energy was high enough to create doubly and
triply ionized Xenon which would disappear from the spectrum as expected as the
electron energy was lowered. The Wiley-Mclaren conditions were adjusted to give
maximum resolution and the deflector plates as well were optimized to give maximum
ion intensity. The spectrum was recorded with the oscilloscope and converted to a mass
scale using the Grams software. (See Figure 3.11).
The mass resolution of a TOFMS depends primarily on the spatial and kinetic energy
distribution of the ions when created. If we just consider the drift tube region of the
TOFMS, the equation for the kinetic energy of an ion can be manipulated to yield a total
flight time for the ion in terms of the length of the flight tube and which is dependent on
the ions mass and energy
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Figure 3.10 Recording of Ar+ ions as a function of electron energy. The Labview
Program was employed to control the electron guns and collect data from the Time-ofFlight.
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Figure 3.11 EI-TOF positive ion spectrum of Xenon (top) and Iso-pro calculated Xenon
isotope distribution at resolution 600.
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T=

L
2E

m.

(3.16)

If we differentiate this equation,
dT =

L dm
.
2E 2 m

(3.17)

Now assuming the kinetic energy is constant, we can divide both sides by T.
dT dm
=
.
T
2m

(3.18)

If dT and dm are very small components to T and m, respectively, we can replace them
by ∆T and ∆m, respectively, and solve for the relation for mass resolution R = (

m
) we
∆m

get time resolution as follows:
R=

m
T
=
∆m
2∆ T

(3.19)

The above equation relates the mass resolution of the spectrometer to the time resolution.
This is extremely useful since the time is the quantity that is actually experimentally
measured. By observing the Xenon spectrum and using equation 3.18 we can use the
flight time 34.3 microsecsonds and the full-width at half max (FWHM) of 27.2
nanosecsonds to calculate a resolution of ~ 600. A spectrum of Xenon was calculated,
with mass resolution ~600, using ISO-Pro and shown to closely match the experimental
Xenon spectrum (3.12). The ISO-PRO program uses gaussian shapes for the mass peaks.
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CHAPTER IV
TROCHOIDAL ELECTRON MONOCHROMATOR AND STANDARD
ELECTRON GUN SYSTEMS
Standard Electron Gun
The standard electron gun used for ionization in the TOF-MS allows the production of
low and high-energy electrons and produces a large amount of ion signal due to its large
electron beam current, 10-5 amps. The standard electron gun, one of two guns, consists of
a tungsten filament, 5 focusing slits, and mounting assembly (See schematic in Figure
4.1). All components were made from stainless steel and fabricated in the UT Physics
machine shop. A homemade floatable power supply (discussed later) supplies the
necessary current for the heating of the filament and voltages for the focusing apertures.
The initial electrons are produced in the electron gun by thermionic emission from a
tungsten wire, by the direct resistive heating of the wire. To reduce the cloud of negative
charge forming around the wire, which limits the number of free electrons emitted by the
filament, a negative voltage is applied to both the filament and a small plate behind it. A
positive voltage on the first focusing slit is also used to help extract and focus the
electrons. The negative voltage applied to the filament relative to the interaction region
(earth ground) ultimately defines the energy of the electrons entering the interaction
region of the TOFMS.
Electrons in a metal, in this case the Tungsten filament, are not stationary but constantly
in motion. The electrons fill the continuous energy levels up to the Fermi level of the
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Figure 4.1 Schematic of Standard electron gun filament and focusing plates.
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metal. Electrons are moved above the Fermi by increasing the temperature of the
filament. The temperature of the metal from which they escape determines the velocity
distribution of the electrons. The higher energy electrons in the distribution can possess
sufficient energy to escape the metal by direct or indirect heating. Hence the speed of the
electrons increases with temperature; the number of electrons with sufficient energy to
escape also increases with temperature. The Richardson-Dushman equation describes the
emission current density from a heated filament as;
J = AT e
2

ϕk
T

Where T is the filament temperature, ϕ is the work function of the metal, k is the
Bolztmann constant and A is a constant dependent upon the metal.
The energy resolution of a typical electron gun is usually poor because the distribution of
the electrons coming off the filament is on the order of 0.7 eV. Typical operating
temperatures of the Standard electron gun filament are between 2000 K and 2700 K. The
thermal energy spread for the escaped electrons at these temperatures, ∆E ≈ kT , is less
than 0.2 eV. The major contributor to the spread in the energy distribution of the electron
beam comes from the voltage drop across the filament which is mainly responsible for
the energy spread of ~0.7 eV. Such energy spreads can be minimized by using an
indirectly heated cathode; this was not used here in as a result of degradation of the
cathode by reactive molecules.
The electrons emitted by the filament are accelerated and focused through rectangular
slits, 1mm x 5 mm, in five stainless steel plates. The plates are separated by about 2 mm
by sapphire balls and bolted together by insulated screws. All of the plates and the
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filament are electrically isolated from each other to allow their voltages to be varied for
acceleration and focusing. The plates typically have a positive voltage, relative to the
negative filament voltage, applied to them to focus the beam and the final plate is held at
ground potential to define the energy of the electrons before they enter into the
interaction region. The electrons emitted from the Tungsten filament will posses the
energy of the negative voltage (in eV) applied to the filament upon entering the grounded
source region. The voltage on the slits accelerate the electron because of their positive
potential relative to the filament. The final slit however, which is held at earth ground,
ultimately defines the electrons energy relative to the interaction region. The electron
energy entering the interaction region is the electron charge e times the voltage on the
filament plus any kinetic energy that the electron has upon emission. This results in the
electrons final energy in the interaction region, in electron Volts (eV), being the voltage
applied initially to the filament relative to ground. An energy diagram of the electrons in
the gun is shown in Figure 4.2.
Electron Gun Power Supply
The Electron Gun Power Supply (EGPS) used to supply the currents for the filament and
voltages for the slits was constructed with the TEM-EI-TOF-MS electron gun system in
mind. Details of the EGPS’s construction and other considerations are found in
Appendix C. This power supply provides 5 volts at 5 amps DC power for the filaments
and six independent 0 to ± 75 volt outputs for the focusing slits. All of these voltages
share a common ground voltage in order for the electron energy to be adjusted while at
the same time keeping the ground of the slits relative to the energy of the electrons. The
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Figure 4.2 Energy Diagram for electrons in electron gun.
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voltage is supplied by an external power supply, a Kepco 0 to ± 100 volt Operational
Amplifier that is controlled manually or by employing the Labview program. This
system makes it possible to optimize the beam current by adjusting the slit voltages for a
single electron energy and to simply scan the electron energy by scanning a single
external supply. This eliminates the need to re-optimize the slit voltages for each
electron energy used. The power supply was built with the greatly appreciated help and
advice of Dr. Stuart Elston, and accommodates all voltages needed for both electron
guns.
The 5 volt, 5 amp current that is needed to run the filament is supplied by a variable
open-frame DC regulated linear power supply. This voltage was wired to be adjusted by
a ten turn potentiometer on the EGPS front panel and the output current monitored on a
ammeter also mounted on the front panel. The power supplies that provide the voltages
for the slits are supplied by three independent, 0 to

+
−

75 volt DC regulated power

supplies. These supplies are capable of delivering 500 milliamps, which is sufficient to
supply the six outputs for the slits, after being wired to six, ten-turn, 10k ohm
potentiometers that allow for their adjustment from 0 to

+
−

75 volts. The supplies are

wired to provide a positive voltage relative to the external input voltage. For example, if
the input supply sets the voltage on the filament to –100 volts for the electron energy and
the slit voltage is tuned to +25 volts, then the actual voltage of the slit relative to ground
would be –75 volts. The filament supply and all the slit outputs have their ground floated
to the input voltage. This permits the continual tuning of the electron energy, after
optimizing the intensity for a single electron energy, by simply adjusting the input power
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supply. This is accomplished by mounting all the components inside the aluminum box
on a 12” x 12” x ¼” thick piece of plastic mounted on insulated standoffs. The supplies
are then floated in isolation of the AC inputs. The circuit is wired so that the transformer
in the filament supply protects all the supplies against possible shorting to the ground of
the AC input that powers them. The floated supplies are held at as much as –100 volts
higher than the ground of the AC input and the transformer keeps the ground of the AC
from shorting to the floated ground of the DC supplies. The DC supplies are mounted in
electrical isolation from the chassis of the case, which is wired to earth ground. The
previously mentioned transformer is rated for 500 volts. This value, however, is just
measured by the manufacturer for test purposes. The transformer was never intended to
be used in the way it is here but has operated effectively between 0 and -100 volts. The
floated voltage is placed across the filament in parallel with two 20-k ohm resistors to
balance the voltage across the filament and help protect the input supply. The supply also
has a digital display that reads the voltages on the first and second slits and the dispersion
plates of the TEM relative to the floated ground. The display also measures the electron
beam energy relative to actual ground.
This system can and has been used with the Retarding Potential Difference (RPD)
technique to improve the electron energy resolution. A switch, located on the front panel,
was installed to change the polarity of the first output in the circuit and thus the first
focusing slit in the electron gun. This was done so that when the standard electron gun is
being used with the Retarding Potential Difference Method (RPD) the voltage of the first
plate can be made negative to chop off the lower energy electrons in the beam. The
Standard gun has been used in this way to improve resolution on studies not included
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here. A high pass filter was also constructed in line between an input BNC on the front
panel and the first output. The filter was optimized for a 10-volt pulse, considering rise
time and shape, to be used to pulse the electron beam and to improve resolution while
still allowing the EGPS to be floated off ground.
The EGPS mentioned above provides all voltages necessary for both the standard and
trochoidal electron guns along with allowing for easy conversion to RPD and pulse
methods. Contact potentials were considered and kept to a minimum by application of
aero-dag to surfaces within the source.
Electron Beam Characteristics
For the initial study of the electron beam characteristics, a Faraday cup collector was
built (See Figure 3.8) to collect the beam current on the other side of the interaction
region. The collector is designed to have a small positive voltage applied to its anode,
typically +20 to +30 volts provided by a battery box, to collect the electrons in the beam
and suppresses secondary electron emission. The collected electron beam current is then
measured on a Keithley Model 427 Pico-ammeter. The outer disk is grounded to stop the
positive field from creeping into the interaction region. The anode is also angled so that
reflected electrons stay in the cup and are attracted to the positive collector. With the
electron gun optimized and the faraday cup in use, the energy of the electrons was varied
and collected on the faraday cup. This data was plotted as a function of the electron
energy and is shown in Figure 4.3. It is noticed that the electron beam intensity drops
dramatically at around 15 eV. This is extremely undesirable for measuring ionization
potentials since most occur below this energy. This effect is contributed to two
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Figure 4.3 Electron beam energy curve with no magnetic field or aerodag.

53
weaknesses in design of the electron gun. The first being that it is difficult for slower
electrons to make it through the gun because of the focusing slits building up surface
charge. These stray charges influence the paths of the slow electrons moving them off
course. This problem was overcome by coating the individual pieces of the gun with
Aerodag and reassembling. This essentially coats the parts with small bits of graphite
lowering the surfaces electron reflection coefficient. This reduces the charging up of
electrodes thereby allowing slower electrons to make it through the gun. Many
researchers also believe that the graphite “soaks” up the molecules on the surface and
reduces surface potentials. Even after addressing the factor of the slits charging it is still
easy for very slow electrons to be affected by stray potentials. To correct this and to be
able to include extremely low energy, 0 eV to 5 eV, electrons in the beam a magnetic
field must be employed. A set of Helmholtz coils were refurbished and used to provide
the necessary magnetic field along the electron beam axis. They consist of two 750-turn
copper coils mounted independently on two mounting assemblies constructed specifically
for the TOF-MS. The mounting assemblies provide manipulation of the coil in all
directions and are essential in aligning the magnetic field.
A 1000 watt power supply was designed and built with the assistance of the UT Physics
Electronics Shop to supply more current to these coils and in turn produce a larger field.
The magnet power supply consists of an AC 120 volt 12 amp Variac that is rectified by a
diode bridge and filtered by two large 26,000 micro-Farad capacitors. This regulation
along with the inductance of the coils produces a DC current “regulated” within our
needed tolerance at a much lower cost than purchasing a commercial supply. With this
power supply the maximum field in the interaction region was measured with a Gauss
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meter to be 103.5 Gauss and proved effective. This is within 10% of the calculated
value, which considers the radius, a= 0.127 meters, separation of the coils, number of
turns, n = 750, and current, I = 4.9 amps, in the Helmholtz coils as shown below.
B=

8µ 0 IN
5 5 * a2

≈ 93Gauss

(4.2)

This magnetic field allowed for the transmission of the needed low energy electron with a
stable intensity down to zero energy (See Figure 4.4). A problem arising from the
Ohmic heating of the magnet coils would only allow the magnets to be run for ten minute
intervals before the glue which held them together began to melt. A cooling system was
built and attached to the sides of the coils. The cooling system was made out of flattened
½ inch copper tubing formed in a circle the radius of the coils. Heat sink epoxy was
applied to one side and allowed to dry in order to make the side of the tube completely
flat against the coil. Silicon heat sink compound was used to improve thermal
conduction between the copper tubes and the coils. Four of these tubes were attached to
each side of the coils and hooked up to the water system of the lab. When tested the
cooling system allowed for continual use of the magnets with minimal heating. This was
crucial in allowing data to be acquired for long periods of time.
Trochoidal Electron Monochromator
When performing electron impact studies it is typically favorable, and in many cases
necessary, to use a beam of electrons with precisely-defined narrow energy distribution.
Typically, electrostatic energy analyzers are used and are readily available commercially.
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It, however, is well known that all electrostatic energy analyzers have difficulty when
dealing with very low energy electrons.17 These low energy electrons are very sensitive
to any stray electric and magnetic fields and have a difficult time passing through the
analyzer. The trochoidal electron monochromator (TEM), introduced by Barr and
Perkins18 , utilizes a magnetic field to help keep straying electrons on their path in
combination with an electrostatic deflection region to disperse the beam in energy so that
a narrow energy beam can be selected. This magnetic field allows one to operate with
high-resolution electron energies very close to zero energy. Although the TEM has been
widely used with Quadropole Mass Spectrometers, to our knowledge, no one has
employed a TEM with a TOF-MS as presented here. The TOF-MS is perfectly suited
however, in that the ions can be pulsed out of the interaction region without need for a
DC field, however small, that would perturb the slow electrons.
The TEM’s uses are two fold. It can be used as an electron source as it has been for the
TOF-MS discussed here in but also as an electron energy analyzer. The first TEM was
constructed by Barr and Perkins in order to analyze electrons emitted from plasmas.18
Since that time, many versions and improvements to the TEM have been introduced17 but
the basic principle remains the same. The TEM is much like a standard electron gun in
the way it focuses electrons through the gun but the TEM relies on the drift of electrons
in a crossed electric and magnetic field to separate the electrons spatially according to
their energy. Then only a small piece of the distribution is allowed to continue through
the analyzer.
The equation of motion for an electron in a crossed electrostatic and magnetic is given
by;
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r
r
dv0 − e r r
=
E + v0 × B
dt
m

[ (

)]

(4.3)

where v is the velocity of the incident electron, e and m are the charge and mass of the
electron, respectively, E is the electric field and B is the magnetic field. For the TEM
there is no component due to the dispersion region action along the direction of the
incident electrons velocity. As shown in Figure 4.5, the electrons in the crossed field
region drift in a trochoid motion at a 90-degree angle, x-axis, to both the magnetic and
electric field with a velocity magnitude given by
r r
r
E×B
vd =
.
B2

(4.4)

Obviously this drift velocity, v d , is not dependent on the energy of the incoming
electrons but is made constant by setting the deflector voltages and the magnitude of the
magnetic field. The separation of the energies in the beam is dependent on the amount of
time the electrons spend in the drift region multiplied by the constant drift velocity. The
amount of time, t = (length of region) / (velocity of electrons), is of course dependent on
their velocity, i.e. their energy. The displacement D is thus given by;

r r
D = v dt
Where t is the time the electron spends in the drift region, i.e. the velocity. The velocity
dependence of the displacement spreads the electrons out in energy across the aperture on
plate P4 allowing a small segment to be selected. Combining equations 4.3 and 4.4 and
by knowing the time spent in the region, the length .019 m divided initial velocity v,
gives us the displacement of the electrons a function of energy (i.e. velocity);

(4.5)
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Figure 4.5 Displacement of electrons in TEM.

59
r r
.019 E × B
D[meters] =
v
B2
In the TEM constructed for the TOF-MS (see Figure 4.6), the same Helmholtz coils
described previously in use with the standard electron gun, are used to provide the
magnetic field component along the electron beam axis. All components of the TEM
were constructed of stainless steel and constructed in the UT Physics machine shop. The
two electron guns were constructed and mounted facing each other and mounted on the
same 8” conflat flange. Either gun can be used by simply switching labeled electrical
leads to the EGPS without having to open the vacuum system. The electron guns were
also constructed with an extra focusing plate with a larger diameter aperture in order to
allow for the collection of electron beam current on the gun not in use. The extra large
aperture slit is grounded when operated in the collection mode in order to act as a
Faraday cup. A standard low-resolution point source Tungsten filament, purchased from
Kimball Physics INC., was used to produce the initial electron beam. A holder was built
to its specifications and mounted onto the first anode in electrical isolation. Three
positive potential plates, relative to the filament, are used to focus the electrons through
small apertures in their centers instead of slits. Circular apertures are used because a
point source of electrons in the dispersion region is optimal for achieving high resolution.
The dispersion in the crossed field region is sensitive to where the electrons enter the
electric field. Because of this, the first two focusing apertures are 1 mm in diameter and
the last before the dispersion region is only 0.5 mm in order to minimize the diameter of
the electron beam as it enters the dispersion region. 19, 20 The dispersion region of the

(4.6)
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Figur 4.6 Schematic of Trochoidal Electron Monochromator.

61
TEM is made up of two plates with a small deflection voltage applied so that the electric
field is oriented at 90 degrees with respect to the magnetic field as well as the beam of
electrons. Considerations on the resolution, which are discussed later, dictated the
voltages for the deflectors. The deflection voltage is supplied by the EGPS and supplies
0 to –3.0 volts to the deflector E1 relative to deflector E2. Deflector E2 is held at the
floated filament voltage but can be varied from 0 to –3 volts relative to the filament
voltage. This gives a variable potential between the deflectors which can be shifted to be
negative with respect to the filament voltage while the potential between the deflectors
remains the same. A circular aperture (S4b) is located on the first plate (P4) past this
region and is offset by 3.2 mm. This plate is followed by another set of focusing lenses
(P5,P6,P7,P8). There is an aperture (S4a) located in line with the electron beam as it
enters the dispersion region. When the electron beam current is collected on plate P5,
this aperture is used, to line the beam across the dispersion region with no deflection
voltage. When a voltage is applied to the dispersion plates, an electric field is created
perpendicular to the magnetic field and the electrons are spread out spatially in energy. A
small slice of the dispersed electrons are selected by the offset aperture (S4b on P4), as
shown in Figure 4.6, allowing a high-resolution beam of electrons to proceed through the
rest of the gun and into the interaction region.
Initial considerations where made before construction of the TEM began. Prior to
construction, calculations were made considering the magnitude of the magnetic field
available along with other limiting factors. The calculations were performed to show if
the electron beam as a whole would be displaced enough to reach the 3.2 mm offset
aperture. The dispersion of the beam, however, was not taken into account in the initial
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calculations. The first runs showed beam energy distribution improvements that were
minimal with an unexpectedly large decrease in beam current as the resolution was
increased. With this setback more detailed calculations where preformed taking
dispersion of the beam into account.
The initial TEM settings were used to calculate and plot the electron displacement as a
function of energy entering the dispersion region and are shown in Figure 4.7. The space
between the horizontal lines represents the offset aperture location and width. The
aperture diameter could be made smaller in order to improve resolution but there is
difficulty in machining a clean hole for smaller diameters. Barr and Perkins remark on
seeing greatly diminished resolution at an offset to aperture diameter ratio,

∆X
, much
X

greater than .2, which is the ratio of the TEM discussed herein. 18 The plot shows the
large range of energies that fall within the diameter of the aperture (the horizontal lines).
The large range of energies seen indicates that most of the initially produced electrons are
being dispersed slightly so that most are making it through the offset aperture and that the
initial energy offset from the gun is approximately 0.9 eV. This offset energy is the
actual energy offset of the electrons as they come off the filament since the entire TEM
possess the same ground potential at every electron energy. This offset, which is the
energy at which the electrons enter the dispersion region, is typically between 0 and 1
volts.
It is noted that the derivative of the curve, which is only dependent on the

C( KE )

(where C is a constant and KE is the electrons Kinetic Energy), creates a larger
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Figure 4.7 Displacement plot for 3.0 volts across the deflection plates.
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dispersion closer to zero entrance energy. In a new set of calculations, the deflector
voltage was reduced in order to lower the drift velocity. This was done to cause the steep
region of the displacement curve to overlap with the aperture at lower energy. As seen in
Figure 4.8, the overlap region now only contains energies 0.1 eV in width but is centered
over 0.25 eV entrance energy. For this dispersion, the electrons must be retarded to
lower energies entering the dispersion region. The EGPS has been modified to
accommodate the changes in voltage. Thus, the deflector voltage is used to select the
desired resolution while the offset of the deflectors is then adjusted to place the
distributed electrons maximum over the aperture. In effect, the deflection voltage is
selected and then the voltage of the deflection region with respect to the filament voltage
is increased negative in order to slow down the electrons entering this region. This is
done so that the maximium of the deflection profile is centered over the exit aperture.
TEM Resolution Measurements Using SF6 Negative Ion Resonance
Sulfurhexafluoride is well known to produce a long-lived negative ion state upon
collision with zero energy electrons.21 This negative ion resonance is also known to be
narrow under conditions of TOF-MS and thus the energy width of the SF6- signal can be
used in determining the energy distribution of the incident electron beam. The time of
flight discussed herein was setup to detect negative ions. As shown in Figure 3.2 a
negative voltage pulse, ~ -100volts, was applied to the backing plate V1 while grid V2
was held at ground potential. Grid V2b was set at positive 500 volts and the flight tube,
grid V3 , and the einzel lens V4 at positive 1500 volts. The deflector plates were also
varied and optimized around the positive 1500 volt flight tube voltage. A voltage divider
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Figure 4.8 Displacement plot with 1.5 volts across the deflection plates.
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was constructed to operate the microchannel plate detector with a positive voltage and
float the collector plate to a high voltage. The circuit is shown and described in
Appendix B. The divider allows for a positive 2000 volts to be on the front of the
detector to attract the negative ions. The positive voltage increases across the back of the
detector to activate the channel plates to positive 3800 volts and the collection plate is
held at positive 4200 volts to attract the escaping electrons. The collection plate is
coupled to ground through a high-pass filter in order to hold the high voltage off from the
output but allow the signal pulses to be transmitted.
The voltage applied by the pulse generator, as do most pulses applied to an RC circuit
generators, has a slight positive offset before pulsing, approximately 4 volts. This offset
would seriously disturb near zero energy electrons entering into the interaction region
causing them to be accelerated up in energy. This was avoided by the construction of the
device show in Appendix A. Through a high pass filter (designed for the extraction pulse
time constant) and 9 volt battery the DC offset of the extraction pulse can be varied and
made near zero or negative. This was shown to increase the zero energy SF6- ion signal
by about 45%.
SF6- signal was observed using the standard electron gun and shown in Figure 4.9. As
was expected the half-width, half-max of the peak is ~ .75 eV. The Trochoidal electron
monochromator was then optimized as previously discussed and SF6- electron
attachment curve collected. As shown in Figure 4.10 the width of the electron SF6- peak
is shown to be approximately 0.1 eV. At this electron energy resolution the resolution of
the data acquisition system is not good enough to display many points on the peak and
sometimes missed the maximum. Also at the 0.1 eV electron energy resolution other
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Figure 4.9 Sulfurhexafluoride negative ion zero energy resonance (SF6-) curve taken
with standard low resolution electron gun.
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Figure 4.10 Sulfurhexafluoride negative ion zero energy resonance (SF6-) curve taken
with TEM high resolution electron gun.
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factors in the SF6- peak come into play affecting the peak width though overall the
enhanced TEM electron energy resolution is demonstrated. Thus, the electron energy
resolution is probably more narrow than 0.1 eV. A finer voltage step will be necessary to
observe a sharper resonance. This slight modification is planned.
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CHAPTER V
TEM-EI-TOF-MS OF CHLORODIFLUOROMETHANE
Introduction
One objective of this thesis was the study of ionization energies of molecules and their
dissociation fragment ions. In particular, the molecule chlorodifluomethane was of
primary interest due to its atmospheric relevance. Chlorodifluomethane (Freon-22),
CHF 2 Cl, is a widely used, chemically stable halogenated methane compound. As
discussed in the Chapter 1, CHF 2 Cl is odorless, non-corrosive, non-combustible, and
nontoxic, yet is a member of a group of compounds that contribute greatly to the
destruction of the ozone layer due to its contribution of a chlorine atom in the
stratosphere. CHF 2 Cl is commonly used as a coolant in low temperature refrigeration
plants, and in industrial and domestic air-conditioning units. It is also used for the
manufacturing of various fluoro-plastics and fluoro-elastomers, and as a blowing agent in
the manufacturing of foam plastics.
Chlorodiluoromethane has been the subject of numerous experimental studies. The
current accepted ionization potential for the parent molecule of 12.28 eV, from the
National Institute of Standards and Technology, is that reported in 1996 by Wang et al. 22
by means of photo-ionization mass spectrometry. In this thesis, high-resolution electron
impact ionization potential determinations are made for the parent ion, CHF2 Cl+, as well
as its primary dissociation loss of chlorine fragment CHF2 +. A major discovery resulting
from the present studies is that the onset of the parent ion, CHF 2 Cl+, was observed to
appear higher in energy than the loss of the chlorine atom, to form CHF2 +. This is a very
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unusual and interesting occurrence which is important in understanding the stability of
the compound. In all cases studied to date, the ionization of the parent ion appears lower
in energy than that of all fragment ions. In order to attempt to provide a mechanism for
the appearance of the parent ion at higher electron impact energy than the fragment,
metastable decay measurements were performed on the parent ion and the results
considered.
Experimental
Electron impact positive ionization of Chlorodifuoromethane was studied using both the
low-resolution standard electron gun and the trochoidal electron monochromator. The
sample was purchased from Aldrich at a 99.9% purity and no attempts were made to
further purify the liquid sample. Two pressure regulators between the bottle and the line
set the sample’s pressure to the gas introduction line. The introduction line was
evacuated to a pressure of 10-2 Torr and the valve to the fore-pump was closed. The
sample valve was opened allowing the vapor to fill the introduction line. The
introduction line pressure was monitored using a Baratron gauge located on the line and
filled with a mixture of CHClF 2 gas and a carrier gas, Ar, at a ratio of 1 to 5 by pressure.
Both the standard and TEM electron guns were used to collect ionization data from the
sample. Only data from the later will be discussed herein. The results for both electron
guns were in agreement with each other except for the enhancement in resolution
achieved by the TEM. The TEM was adjusted to a nominal resolution of ~ 0.10 eV and
the beam intensity was then optimized. A total electron beam current of 3.5 x 10-8 amps
was measured on the second plate of the standard electron gun. This is consistent with
electron beam currents reported by others.17 The Helmholtz coils were adjusted as well
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as the electron beam focusing apertures. The flight tube and deflector voltages were
adjusted to -1500 volts. A pulse voltage of approximately -75 volts set at a repetition rate
of 10 kilo-hertz was then applied to the extraction plate. The detector system was
operated under normal conditions, ~2000 volts across the channel plates, and both the
preamplifier and timing amplifier were used to amplify and shape the output voltage
pulses. With the time-of-flight operational the nozzle jet was set to deliver rotationally
(~5K) and vibrationally (~20K) cooled gas across the electron beam. The pressure in the
chamber was 5.2 *10-6 Torr, corresponding to ~10-4 Torr in the molecular beam
interacting with the electron beam.
CHF 2 Cl Mass Spectrum
A typical positive ion spectrum of CHClF 2 for electron impact energy of ~75 eV is shown
in Figure 5.1. The spectrum was calibrated using the GRAMS/32 software program and
shows all possible peaks for the parent molecule and dissociated fragments. Major
groups of ions are labeled and losses of hydrogen and chlorine isotopes are shown as
well. The resolution of the instrument in this study was found to be, m/∆m ~650 over the
range of the mass spectrum shown. The resolution m/∆m could also be determined
directly from the oscilloscope recording t/2∆t. It is interesting to note the groupings of
peaks corresponding to the loss of an atom or atoms from the molecule. The isotopes of
chlorine, mass 35 and mass 37, are apparent in the spectrum for chlorine containing ions.
The parent ion CHClF 2 +, mass peaks 86 amu and 88 amu, correspond to the chlorine
isotopes and the 85 amu and 87 amu peaks (CClF 2 +) are due the loss of hydrogen from
each isotope of the molecule. The group of ions, mass 66 amu through 69 amu, is due to
the loss of a fluorine atom (CHClF +) and a hydrogen in the 66 amu and 68 amu case
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(CClF +). The most abundant fragment, CHF 2 +, is easily seen as the largest peak at mass
51 and is due to the loss of a chlorine atom. Peaks to the left of this large fragment, 47
amu through 50 amu, correspond to the loss of two fluorine atoms (CHCl+) and hydrogen
(CCl+). The lone ionized chlorine, Cl+ atoms can be seen at mass 35 amu and 37 amu
and their associated ClH + ions at 36 and 38 amu. CF+ and CHF + correspond to the
masses at 31 and 32 amu respectively. The lone ionized fluorine atom, F+, at 19 amu, as
well as ionized carbon C+ and CH+ at 12 and 13 amu, respectively, are also observed, but
not shown in Figure 5.1. It was noticed that an ion appeared at a one-half mass unit
corresponding to the loss of two charges and a fluorine atom i.e., CHClF ++, also appeared
in the spectrum. This doubly charged ion is of considerable interest but will be
considered in future studies.
As mentioned previously the most exciting observation in the study of CHF2 Cl was that
of the appearance of the loss of chlorine fragment ion at a lower energy than the parent
ion. Upon initial observation of the entire mass spectrum it was noticed that when the
electron energy was scanned manually from 0 to increasing electron energy the mass
fragment peak CHF 2 + (51 amu) seemed to appear before that of the parent ion CHF2 Cl+
(86 and 88 amu). As shown in Figure 5.2, at an electron energy of 12.3 eV, the fragment
ion peak CHF 2 + (51 amu) is observed without seeing the parent ion CHF 2 Cl+ (86 amu). It
is also shown that both peaks are observed at a higher electron impact energy of 12.7 eV,
as also seen in Figure 5.2.
Parent and Fragment Ion Appearance Energy
The appearance potential of various ions from CHF 2 Cl was recorded using a boxcar
averager in order to integrate the area under a specific peak. This signal was then
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recorded in a computer, using Labview, as a function of the incident electron energy. Ar+
was analyzed initially for calibration of the electron energy scale (IP (Ar) = 15.75 eV)
resulting in an electron energy offset of 1.15 eV. This offset was taken into consideration
for all data on CHF2Cl.
The mass spectrum recorded on the oscilloscope for the parent ion (CHF 2 Cl+) is shown in
Figure 5.3. The second peak, mass 86 (CHF 2 35 Cl), is the largest parent ion peak
corresponding to the most abundant chlorine isotope, 35 Cl, and was the parent ion chosen
to measure the ionization potential due to its larger signal intensity. The ionization signal
as a function of electron energy was recorded using the TEM and is shown in Figure 5.4.
Careful analysis of the threshold region resulted in a ionization potential of ~12.50
( ± 0.10) eV. The predominant positive ion formed in the electron impact collision with
CHF 2 Cl is CHF2 +. The analysis of the threshold region for the major fragment ion gave
an ionization potential of 12.25 ( ± 0.10) eV, as illustrated in Figure 5.5. The energy of
formation of the fragment peak appears to be below that of the parent ion CHF 2 Cl+.
Taking into consideration the energy resolution of the TEM, 0.10 eV, the difference in
energy between the parent and fragment ion is well outside the range of the beam
resolution and must be addressed. This higher energy formation of the parent ion leads
us to believe that the parent ion observed in the TOF spectrum may not have been in it’s
ground electronic state but rather a long-lived excited ionic state. In order to examine
this hypothesis, a second analysis of the parent ion was made using the Collision Induced
Mass Spectrometer (CIMS) in the Mass Spectroscopy Center at the University of
Tennessee Department of Chemistry. The CHF 2 35 Cl+ ion (mass 86) was created by
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Figure 5.3 Parent ion signal from TOF-MS with excellent resolution. CF2 35 Cl,
CHF 2 35 Cl, CF2 37 Cl, CHF 2 37 Cl (from left to right).
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Figure 5.4 Ionization curve for Parent Ion CHF 2 Cl+.
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Figure 5.5 Ionization curve for Fragment Ion CHF2 +.
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electron impact and selected with a quadrupole mass analyzer. The parent ion was then
focused into a gas collision chamber where it collided with argon at various pressures and
the fragments of the interaction mass analyzed. Upon colliding the parent ion with argon
in the collision cell the major fragment cation, CHF2 +, was observed in the secondary
quadropole mass spectrometer as shown in Figure 5.6. As seen, the signal for the
fragment CHF2 + ion increased as the collisional energy of the incident parent ion
decreased. This increase in signal as the collisional energy decreases indicates the
presences of a decaying ion rather than one caused solely from collisional dissociation.
The lower the collisional energy of the parent ion the longer time the parent ion has
before striking the collision gas giving it more time to decay. One would also expect
more collisonal dissociation at higher impact energies. This result indicated the presence
of a metastable parent ion and the same experiment was performed without a collision
gas in the collision chamber. The results, shown in Figure 5.7, indicated the parent ion
decaying to the CHF 2 + fragment with the same dependence of fragment signal with
collisional energy. Both results supported the hypothesis of a metastable parent ion state.
The observation that the appearance potential for the fragment ion occurs below the
parent cation was an unprecedented and highly interesting occurrence. The CIMS decay
data showing the existence of a metastable parent ion state was also extremely interesting
and more data was needed to illicit confirmation and information of this effect. We asked
colleagues at the Institut for Ion Physics in Innsbruck Austria to reexamine our
appearance energy results using their TEM Quadrupole Mass Spectrometer. Further
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Figure 5.6 Metastable decay data showing the ions detected after the parent ion CHF 2 Cl+
(86) was selected and focused into collision chamber with argon. CHF2 + (51) is shown.
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Figure 5.7 Metastable decay data showing the ions detected after the parent ion CHF 2 Cl+
(86) was selected and focused into empty collision chamber. CHF 2 + (51) is shown.
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requested analysis to these colleagues also revealed the predicted metastable parent ion
along with a stable excited parent ion. The results from their three-sector field mass
spectrometer system showed two distinct states of the CHF 2 Cl+ ion. They were also able
to measure decay rates with their apparatus. The first parent ion state was found to have
a lifetime of 2 microseconds and the second excited parent ion state showed no decay at
all in the time domain accessible by the equipment. Their results are completely
compatible with the results reported in this thesis. The conclusion is then made that the
reason for the parent ion CHF 2 Cl+ appearing higher in electron impact energy than that of
the fragment CHF2 + is because the parent ion observed in the TEM-TOF-MS spectrum is
the long lived excited state parent ion. The ground state parent ion, which is probably the
unstable parent ion observed in the decay measurements, does not live long enough to be
detected. This result could have significant effects on understanding the stability of
CHF 2 Cl in our atmosphere. A publication by the two groups is in press.23
Conclusion
This thesis consists of two parts: (1) The construction and operation of a trochoidal
electron monochromator time-of-flight mass spectrometer (TEM-TOF-MS); (2)
Application of this apparatus to the studies of ionization processes in the CHF 2 Cl
molecule. Initially it was noticed in manually scanning through the electron energy with
a standard electron gun that the fragment peaks and parent peak appeared at roughly the
same energy. On further analysis the interesting phenomenon of the parent ion appearing
at a higher energy than that of the fragment was observed. The TEM-TOF studies
confirmed the result in producing an electron energy resolution of the measurement to be
within the energy difference of the ions. The investigation of the stability of the parent
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ion of CHF2 Cl showed it to be unstable and readily dissociated into the ion observed at a
lower electron impact energy, CHF 2 +. It is possible that the short-lived metastable ion
could be an electronically excited parent ion decaying through one of the many possible
mechanisms for small molecular ions (electronic predissociation, tunneling or radiative
decay).24 It is also possible that the excited ionic state has a new geometry or isometric
state that makes it more stable.25 It is also possible that the hydrogen could move from
the carbon atom to the chlorine and form an unstable ion at near threshold electron
energies. Such ions have been named in the literature as “distonic” meaning that the H
atom is distant from the molecular framework. Theoretical calculations of the ionic
potential energy surfaces for this system would be of great value in accessing the various
possibilities. The atmospheric relevance of the instability of the parent ion of CHF2 Cl
and its short lifetime to dissociation, in which an ozone destroying chlorine atom is
released, should be further considered.
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APPENDIX A: CIRCUIT FOR ADDING NEGATIVE DC OFFSET TO EXTRACTION
PULSE
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Figure A.1 Circuit used to add Negative DC offset to extraction pulse. Note: RC time
constant is for 1000 kilo-hertz.
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APPENDIX B: CIRCUIT FOR MICRO-CHANNEL PLATE DETECTOR IN
NEGATIVE ION MODE
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Figure B.1 Circuit used to operate micro-channel plate detector in negative ion mode.
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APPENDIX C: CONSTRUCTION DETAILS FOR ELECTRON GUN POWER
SUPPLY (EGPS)
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The Electron Gun Power Supply (EGPS) used to supply the current for the filaments and
voltages for the focusing apertures was constructed with the TEM-TOF-MS electron gun
system in mind. This power supply provides 5 volts 5 amps DC power for the filaments
and six independent 0 to +75 volt outputs for the focusing apertures. All of these
voltages share a common ground, which is set by an external input. This external voltage
is supplied by a Kepco +100 to –100 volt operational amplifier that is controlled
manually or by employing the Labview program. This is so that the electron energy can
be adjusted while the ground of the focusing apertures is kept relative to the electron
energy. This system makes it possible to optimize focusing voltages for a single electron
energy and simply scan the electron energy by scanning a single external supply. This
eliminates the need to readjust the aperture voltages to re-optimize for a different electron
energy.
The 5 volt, 5 amp current needed to heat the filament is supplied by a variable openframed DC regulated linear power supply. This supply was acquired from an old power
supply system and was not operational. A 12” x 16” x 20” aluminum electronics box was
used as the housing for the new power supply. The filament supply uses two transistors
to voltage limit the output of the supply and had been destroyed from misuse. It was
concluded that the current the transistors had to dissipate was to large first turned on or
when operated at low output voltages due to the insufficient load provided by the
filament. When the power supply is first turned on it takes a finite amount of time for the
current to heat up the filament, raising its resistance. When the supply is set to a low
output voltage, the amount of current through the filament it dissipates is small leaving
large currents through the two transistors causing them to overheat and melt. A large 6”
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x 2” finned aluminum heat sink was constructed in the machine shop and mounted on the
side of the filament power supply frame. A new transistor was rewired by leads outside
the circuit board in thermal contact with the heat sink. A flat 1” x 5” aluminum heat sink
was attached to the other secondary transistor in the circuit. After the improvements
were made the filament supply worked without problems at any voltage. The voltage
output to heat the filament was wired to be adjusted by a ten-turn potentiometer located
on the front panel of the EGPS.
The power supplies that provide the voltages for the focusing apertures are three,
independent, 0 to ± 75 volt, DC regulated power supplies. These supplies are capable of
delivering 500 milliamps, which is sufficient to supply the six outputs for the apertures,
after being wired to six, ten-turn, 10 kilo-ohm potentiometers that allow for their
adjustment from 0 to + 75 volts. The supplies are wired to provide a positive voltage
relative to the external input voltage. For example, if the input supply set the voltage on
the filament to –100 volts for the electron energy and the focusing aperture voltage is
tuned to + 25 volts, then the actual voltage of the aperture relative to ground would be –
75 volts. The filament supply and all the aperture outputs have their ground floated to the
input voltage. This permits the continual tuning of the electron energy, after optimizing
the intensity for a single electron energy, by simply adjusting the input power supply.
This is accomplished by mounting all the components inside the aluminum box on a 12”
x 12” x ¼” thick piece of plastic mounted on insulated standoffs. The supplies are then
floated in isolation of the AC inputs. The circuit is wired so that the transformer in the
filament supply protects all the supplies against shorting to the ground of the AC input
that powers them. The floated supplies are held at as much as –100 volts higher than the
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ground of the AC input and the transformer keeps the ground of the AC from shorting to
the floated ground of the DC supplies. The components are mounted in isolation from
the chassis of the case which is wired at earth ground. The fore mentioned transformer is
rated for up to 500 volts across its insulation between the turns. This value however is
just measured by the manufacturer for test purposes. The transformer was never intended
to be used in the fashion it is here but has operated effectively between 0 and –100 volts
without adverse occurrence. The floated voltage is placed across two 20 kilo-ohm
resistors in parallel across the filament to help protect the input supply. The supply also
has a digital display that reads voltages on the first and second apertures and on the
deflector plates of the TEM all relative to the floated ground. This was accomplished by
using a 5-way switch in conjunction with an isolation transformer. A switch, mounted on
the front panel, was also installed in the circuit to the first output that is wired to change
the polarity of the output when activated. This was done so that when the standard
electron gun is being used with the Retarding Potential Difference (RPD) method the
voltage of the first plate can be made negative. This is done to place a potential on the
plate that some of the slower electrons cannot make it past narrowing the energy
distrubution. The Standard Electron gun has been used in this way to improve resolution
on studies not included here. A high pass filter was also constructed in line between an
input BNC on the front panel and the first output. The filter was optimized for a 10-volt
pulse, considering rise time shape, to be used to pulse the electron beam to improve
resolution while still allowing the EGPS to be floated off ground.
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